Abstract-Microcalorimeter detectors based on transition-edge sensors coupled to a bulk absorber are an emerging technology for hard X-ray and soft gamma-ray measurements. Monte Carlo simulations codes, like GEANT4, can be a valuable tool for evaluating detector design ideas, interpreting measured data, and predicting detector performance. We report on initial attempts to reproduce measured microcalorimeter data with GEANT4 simulations.
I. INTRODUCTION
ICROCALORIMETER detectors based on transition -edge sensors coupled to a bulk absorber are an emerging technology for hard X-ray and soft gamma-ray measurements [1] . Recent results from an array of tin absorbers have demonstrated an energy resolution of 22 eV FWHM at ~100 keV incident energy for the best sensor, and 45 eV FWHM for the combined resolution of an 11 pixel array [2] . As microcalorimeter array technology matures, the use of simulation tools will become increasingly important. There are several applications for simulations, including assessment of the technology for specific measurement scenarios, guidance in the design of the detectors and cryostat, and interpretation of measured data. For cryogenic microcalorimeter detectors, the measurement of photon energy relies on the collection of heat deposited by the photon in the bulk absorber. This process is quite different from more conventional photon detectors using scintillating material (light collection) or solid state detectors (charge collection). Of primary interest is whether Monte Carlo codes like GEANT4 [3] , using electromagnetic interaction processes, can reproduce the response of microcalorimeter sensors in the hard X-ray and soft gamma-ray regime (i.e. -it is assumed that all deposited photon energy is converted to heat and collected). Significant differences in measured and simulated detection efficiency or spectral shape could indicate that secondary effects from thermal processes must be included to achieve an accurate model. 
II. SIMULATIONS
The simulation model is shown in Fig. 1 . Although the cryostat is nearly a meter tall, only the lower part surrounding the sensors is modeled. The model includes the outer shell of the cryostat, two heat shields (60 K and 3 K), a niobium box, a Cryoperm shell, and a gold-coated copper box housing the detector array. The array is comprised of individual sensors made of tin, each with an area of 1 mm x 1 mm and 0.25 mm thickness. Further detail in the model includes a thin siliconnitride membrane on which the sensors are mounted, a layer of perforated silicon, and a PC board. Photons enter the instrument through a series of thin entrances windows milled out of each material.
The most useful radioisotopes for initial evaluations are those with simple decay emissions within our energy range of interest. These include Am spectrum from one sensor is shown in Fig. 2 . The spectral features are consistent with expectations for a sensor that is a small piece of tin. The photopeak is prominent at 59.54 keV. Immediately below the photopeak is a continuum of energy down to about 55 keV. These events have been traced to small angle scattering of the photons in the thin entrance windows before reaching the absorber array. At lower energies, tin escape X-rays are prominent. The strongest tin X-rays, in order of intensity, are Kα 1 (25.27 keV), Kα 2 (25.04 keV), Kβ 1 (28.49 keV), Kβ 3 (28.44 keV) and Kβ 2 (29.109 keV). When subtracted from the 59.54 keV photopeak, we see X-ray escape lines at 34.27 keV, 34.5 keV, 31.05 keV, 31.1 keV, and 30.43 keV. Fig. 3 shows the measured data in the X-ray region. The 31.05 keV and 31.1 keV lines are not resolved in this data, but all the X-ray escape peaks mentioned above are visible. Because the absorber elements are small, tin X-rays are common in our measured data. If N escape is the total of all events in the escape X-ray peaks, and N photo is the number of photopeak events, the ratio N escape /N photo is about 38%, and N escape /(N photo + N escape ) is about 28% for the measured data.
The simulation results for 241 Am are shown in Fig. 4 . Simulation energy deposits were broadened by the measured energy resolution of the detector, which was about 42 eV in this case. X-rays have a Lorentzian shaped natural linewidth that was also applied to the X-ray escape peaks. This width is 11 eV for tin X-rays. The simulation spectrum is forcibly normalized to the measured data. Absolute normalization of the simulation will require further work to understand pixel to pixel variations in event rates, events lost to offline data analysis cuts used for pileup rejection, and precise details of the entrance window thicknesses. The measured data is well reproduced by the simulation. Fig. 5 shows the area just below the photopeak where small angle scattering in the thin entrance windows produces a continuum. The number of bins has been reduced by a factor of ten to improve the bin statistics. The shape of the scattering continuum is fairly well reproduced, and we believe that more careful modeling of all absorbing material in front of the absorbers will lead to even better agreement. For the simulated spectrum, N escape /N photo is about 33%, and N escape /(N photo + N escape ) is about 25% . (2) small angle scatters, and (3) tin escape X-rays. Fig. 6 focuses on the X-ray escape peaks in the simulated spectrum. The escape peaks match those in the measured data in location and intensity. This serves to confirm the basic capabilities of the GEANT4 X-ray fluorescence code.
Data was also collected and simulated for 153 Gd. This isotope has two strong emission lines that will produce a more complex X-ray escape peak structure. The X-ray escape region of the 153 Gd spectrum is shown in Fig. 7 for measured data and in Fig. 8 for simulated data. The measured data displays the expected Tin escape X-rays associated with the two intense 153 Gd photopeaks at 97 keV and 103 keV.
153
Gd also has a weak gamma-ray at 69.7 keV that appears in the measured data. A somewhat surprising feature in the data is the appearance of gold X-rays. These are generated by fluorescence of the thin gold coating on the copper box that 4) 153 Gd 69.7 keV gamma-ray, (5) 97 keV -Sn Kβ 1,3 X-rays, (6) gold X-rays, (7) 97 keV -Sn Kβ 2 X-ray. Fig. 8 . X-ray escape region from a simulated 153 Gd spectrum. All of the features in the measured spectrum (Fig. 6) are reproduced. houses the detector array. Although the coating is at most 100 micro-inches thick, simulation work has confirmed this is the source of the X-ray lines. This is one instance where simulations have proven effective in the interpretation of measured data. The GEANT4 simulation (Fig. 8) reproduces all of the tin escape X-rays and the gold fluorescence X-rays.
III. CONCLUSIONS
In summary, the GEANT4 electromagnetic physics interaction processes and associated X-ray fluorescence package are able to reproduce the spectral features observed in our measured data. Microcalorimeter detectors rely on the transport and collection of heat, but the response of these sensors can be reproduced quite well by considering only the electromagnetic interactions controlling the initial photon energy deposit. We believe simulations will be an important tool for guiding future detector design modifications and interpreting measured data.
